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High and Low Frequency Torsional Absorptions in Nematic K21
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The far infrared absorption of 4 cyano-4'n-heptyl biphenyl (K21) has been measured in the
nematic phase at 296 K in the frequency range 10-200cm~'. An incompletely resolved narrow
band at 148 cm~! has been assigned to wholz-molecule torsional oscillation on the evidence supplied
by (a) dilution in cyclohexane, (b) application of an aligning field and (¢) measurement of the f.i.r.
intramolecular modes of 4-cyanobiphenyl, 4-n-heptyl bipheny! and biphenyl.

With a dipole moment aligned in the long axis, rotational absorptions may arise only from torsion
about the mutually perpendicular short axes, an energetic process which is simulated here by an
expansion of the orientational autocorrelation function in terms of successive memory functions.
These are autocorrelation functions of the Langevin random torque, its time derivative, efc.
Assuming that the latter decays exponentially (Markov process), equations for the dielectric loss,
permittivity, and power absorption coefficient are deduced which describe thc MHz absorption
observed by Moutran in aligned nematic K21, and which upon extrapolation yield a narrow librational
peak at 137 cm—!, the result of an abnormally large mean square torque and an abnormally long
residence at the bottom of deep and steep intermolecular potential wells.

el

In two recent studies !* ? of the far infrared and microwave absorptions of the
molecular rotational dynamics in nematogenic and cholesteric mesophases, the
results seem to indicate that torsional oscillation (libration) is very much easier about
the long (Z) axis of the very anisotropic molecules than about the mutually per-
pendicular short axes. A corollary is that extreme anisotropy of molecular torsion
in these phases could be used to investigate how well the far infrared librational peaks
are simulated by current theories ** # of brownian motion, based on Langevin’s
equation ;

® = —Po-+T(). (1)

Here, the molecular angular acceleration @ is ascribed classically to two sources,
the retarding environmental ** friction ”* f, proportional to the angular velocity, and
a propagating torque per unit molecular moment of inertia I'(z) that arises randomly
from the same source. In a pseudo-crystalline nematogenic phase at any instant
t, I, will be much smaller than I', or Iy, where

T =il +jl,+ kI,
in standard notation, since I', and I, will be the derivatives with respect to orientation

of very large potential wells, at the bottom of which the molecules librate with
a very restricted distribution of frequencies. Consequently the Debye critical
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286 SHORT AXIS LIBRATION IN K21

frequency ® occurs typically in the MHz range, [five or six decades below that of the
far infrared {30-6000 GHz)]. This could be similated theoretically by eqn (] )
via the well known Debye equations for loss and permittivity, but to do this is to
take insufficient account of the fundamental fact that phenomena such as high
frequency torsional oscillations of whole molecules, whatever their source and type,
appear much the same statistically to low frequency probe fields, where they give
rise to ‘“ Debye-type ” loss curves, and exponential tailing of the orientational
autocorrelation function.® Many different kinds of high frequency angular fluctua-
tions become evident in the far infrared which are blurred and indistinguishable to
fields at frequencies such as the MHz range. Thus it is not surprising that eqn (1),
upon which Debye’s theory of rotational diffusion is based, has to be generalised
and made more realistic. It has to be able to simulate, vig a continuous mathematical
function of frequency, absorption peaks which may be separated by many decades.
The deeper the energy wells within which the molecules librate, the greater would
be this separation, a2 nematogen being an extreme case.

Recent approaches 7-'? to this problem have made use of an equation where the
friction coefficient (B) is made frequency dependent. The orientational autocorrela-
tion function [¢(¢)] may then be expressed in terms of a4 memory function K, which is
itself the autocorrelation function of the torque. The linking equation is an integro-
differential :

&t = — j" K(t—1)c(r) dt, 2
Q

which, in view of the fact that K is itself a correlation function, may be extended '* to:

t

gtKn-—l(t) = _'J‘ Kn(t_r)Kn—l(T) dz. (3)

This series has been truncated 7-*° at a level which : (a) does not introduce more
than two zero-time averages K,(0); () fairly accurately reproduces far infrared and
lower frequency absorptions or dispersions of small dipolar and non-dipolar molecules.

In this paper we use the nematogen 4-cyano-4'-n-heptyl biphenyl (K21) as the
anisotropic rotator. Since this molecule has the permanent dipole moment aligned
parallel to the long axis, rotational type absorptions may arise only from various
torsions about the short axes. The low frequency loss peak in the parallel aligned
nematic phase % is at 2MHz, and its variation with temperaiure indicates a very
great barrier to rotational diffusion (~ 60+8 kJ mol~*). The far infrared spectrum
of nematogenic K21 has been measured here in an attempt to observe a sharp
librational peak which could be assigned to the short time torsions of which the
2MHz peak is a manifestation when using low frequency probe fields. It is of
interest to see what kind of absorption is predicted in the far infrared and MHz
using a truncated Mori series of eqn (3).

EXPERIMENTAL

The spectra presented here were measured at room temperature with a Grubb—Parsons/
N.P.L. cube interferometer using amplitude modulation of the broad-band radiation reaching
a Golay pneumatic detector. The interferograms were Fourier transformed digitally and
the power absorption coefficient «(¥) (neper cm~?) calculated from the ratio of intensities
penetrating two different sample thicknesses.

The sample itself was contained in a VC-01! cell with TPX windows, which were not
pretreated in order to align the mesophase in any particular direction. With a maximum
resolution of 2 cm™!, the frequency range 10-200 cmi~' was covered with two beam dividers.
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Reproducibility between successive interferograms was about +5 9 ofa(¥). The systematic
uncertainty *2 arising from convergent beam effects is minimal when using sample thicknesses
such as ours: ~ 0.2 mm.

Sample purity was checked by observing the nematic-isotropic transition point with a
polarising microscope ; other materials were prepared using techniques designed to minimise
moisture impurity.

RESULTS AND DISCUSSION

The spectrum of the nematogen at 296 K is illustrated in fig. | together with that
of a 2.513 mol dm-3 solution of p-cyanobiphenyl in dioxan and a 0.90 mol dm—3
solution of biphenyl in cyclohexane. In fig. 2 are illustrated spectra of p-n-heptyl
biphenyl and a dilute solution of K21 in cyclohexane. These are presented in an
attempt to find which of the series of bands in K21 can be attributed to modes of
internal vibration or bending, and which is the sharp absorption * corresponding
to whole molecule torsional oscillation, if in fact it exists at all in this frequency region.
We predict a sharp librational peak on the basis that this motion takes place in a
pseudo-crystalline well-ordered environment, and against a large potential barrier.
We are assuming in brownian theory that the torsion is that of a rigid ellipsoidal
particle, whereas it is more probable that it would be coupled with intramolecular
motions such as torsion of the two rings with respect to each other, and dynamical
fluctuations in the n-hepty! tail.
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Fi1G. 1.-—Far ip ematic phase ;
(2) 2.513 mol d sorption; (3)
0.9 mol dm~—3 t ider a field of

The only are those at
148 and 17 1 is judged

to be intramolecuiar ‘on the basis that this molecule 1s practically non-dipolar, the
110 cm~! peak shoulder present in the three other molecules being similarly discounted
on the basis that it occurs in the non-polar biphenyl (fig. 3) and is probably an overtone
due to some movement of the rings with respect to each other]. The application of
an aligning D.C. field *» 2 12 of 7.1 kV cm~! perpendicular to the axis of the measuring
beam shifts the 148 cm~! peak of K21 slightly to higher frequencies, and changes its
intensity (fig. 1) relative to the group of bands around 170 or 180 cm~!; whereas the
175 cm~! peak frequency seems to be unaffected. Dilution of K21 in cyclohexane
destroys any nematogenic properties, and also changes markedly (fig. 2) the relative
intensities of the 148 and 175cm~! peaks, the former now being much less
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pronounced. Thus it seems that both the application of a field and dilution (respec-
tively increasing and decreasing environmental symmetry) have effects on the 148 cm-!
peak which are distinctly different from those on the others present in the total
spectrum. This peak is, therefore, taken as due to the high frequency torsionaj
oscillation of the molecule as a whole about its short axes.
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FiG. 2.—(a) Absorption of 0.08 mol dm~? K21 in cyclohexane at 296 K, corrected for solvent.
© 50 gauge beam divider; * 200 gauge beam divider; () absorption of 0.05 mol dm-* p-n-heptyl
biphenyl in cyclohexane at 294 K, corrected for solvent.

These qualitative remarks can be underlined by attempting to link this peak
theoretically to the Debye absorption at 2 MHz. To do this we use a truncation of
eqn (3):71¢

Ki(t) = K;(0) exp (—v1). (4)

Here K, (z) is the autocorrelation function of the derivative of the random torque
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with respect to time and, by Doob’s theorem.® eqn (4) implies that this must behave
statistically as a Markov variable, whose future behaviour is unaffected by past
events. K,(7) is the memory function of K,(¢), which is itself the memory function
of e(H)leqn (2) and (3)]. [t is known '3 that any earlier truncation such as :8

Ko(t) = Ko(0) exp (—yel) (5)

does not lead to a satisfactory description of the high frequency return to transparency
of typical far infrared absorptions in isotropic fluids. Egn (5) and variants !¢ of
such leads to m/J-diffusion, with ¢(¢) containing physically unrealistic coefficients of
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FiG. 3.-—Absorption of 0.9 mol dm~3 biphenyl in cyclohexane at 296 K corrected for solvent.

odd powers of time in its Maclaurin expansion. On the other hand, eqn (4), which
leads to an asymptotic w~* dependence of « upon w at high frequencies, has been
used satisfactorily in several recent papers:’-'® although the exponential K (¢) still
has the drawback of not being even in time, as all classical correlation functions
should be,® and of being incapable '7 of describing the dynamical transition to free
rotor behaviour in the limit of vanishing torque. The Langevin-type equation
implied from eqn (4) takes the form:

-

d .
i (0 xu)+y c%((o xu)+ [Ko(0)+ K (0)](e0 x u)+ 7K ;(0)u = T(¢) (6)

for a linear or spherical rotor. Here,
Ko(0) = <i(0)> = {[0(0)xu(0)]*>
520
ol — i)

0) =
O = @

where u is the dipole unit vector and ® the angular velocity. The mean square
angular velocity is 2kT/Iz for a linear or spherical top molecule, so that Ky(0) is
taken from the moment of inertia, while the mean square angular acceleration
contains a centripetal component together with an intermolecular contribution
proportional to the applied mean square torque, a measure of the slope of the potential
energy surface. Solving eqn (2), (3) and (5) with the Heaviside expansion theorem
vields ¢(t) = {u(0) - u(¢)> analytically in terms of y, Ko(0) and K,(0) as a sum of
three complex exponentials. Fourier transformation yields the dielectric loss and
permittivity as :

£(w) =

(89 — £, )y K(0)K(0)
«,)2_[K0(0)—a>2]2 + a)z{w2 —[Ko(0)+ KJ(O)]}2
(89 — &) (y*[w® — Ko(0)] +[* — K (0) {w’® — [Ko(0) + K 1(0)]})
P Ko(0)— 0] + 0% w? — [Ko(0)+ K, (0)]}? '

(7)

£ (W) = gy—

(8)
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These are related to the power absorption coefficient by :
2./2ne"(w)v

afv) = {[8/2(60)4‘{;‘”2((1))]%4-8’2(60)}% (9)

with @ = 2nic.
The equivalent of the Debye relaxation time (rp) can be found in terms of y, Ky(0)
and X,(0) in the limit w (2k7/Iz)* — 0 as:

2 _ [Ko(0)+K,(0)]° ~2Ko(O)y?
° KZ(0yy? :

The loss and permittivity take up the classical Debye form ° at low frequencies, and
the least mean square fit of eqn (7) to Moutran’s loss data '? for aligned nematic
K21 is shown in fig. 4. The optimum values are Ko(0) = 0.26 x 10°* s K ,(0) =
668 x 1024 s-1; v = 0.51 x 102 s~!, giving a calculated tp of 10 us compared with
an observed value ! of 8 us. The estimated value of the torque dependent K, (0)
is at least an order of magnitude greater than the equivalent ® in normal, isotropic,
dipolar liquids, and 1/y is an order longer. These results give a quantitative measure
of the steep slope of the intermolecular potential energy surface, and of the very long
decay time of the torque derivative, implying a long residence at the bottom of an
energy well. Molecular torsional oscillation in the nematogen is an extremely fast
process compared with the overall end over end rotational diffusion characterised
by the Debye timetp. The spectral consequences of this fast torsion may be simulated
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FiG. 4—O Measured loss (Moutran)!? of magnetically parallel aligned K21 at 294 K. - - - Eqn(7),

best fit by minimisation of squared residuals on ten measurements of ¢"(w).

from eqn (9) by merely extrapolating the theoretical curve of fig. 4 to far infrared
frequencies. This results in the narrow peak at 137 cm~! shown in fig. 5. We
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emphasize that this and the loss curve are manifestations of the same overall dynamical ;

process, and are generated by the same, continuous mathematical function of

frequency, the presence of one being an inevitable consequence of that of the other, -
although they may be separated, as here, by five or six decades. The total integraFed .
intensity is constant and may be estimated by the sum rule of Gordon.'® The high |

frequency resonance is almost exactly at w?> = K,(0), and thus critically dependent .

on the uncertainty of this parameter. Since we extrapolate using the loss data, these

determine the accuracy of K,(0).
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Therefore, the rather simple eqn (6) produces a far infrared librational absorption
with a peak frequency about 11 cm~! short of the 148 cm~! band assigned on the
above evidence to an intermolecular origin. The theoretical peak is much too sharp,
which means that K (¢) ought probably to take some form such as the non-Markovian :

K1) = K,(0) Y. ftyr ) (1)

rather than the primitive and restrictive simple exponential. In eqn (11) fis ideally
an even function of time, and physically it would mean that a spectrum of torque
derivatives would be present in the ensemble, decaying at different rates and with a
different statistical distribution from the Lorentzian of eqn (4). Naturally it is to

intensity (power absorption)

{ !

135 136 137 138 139

v/em~?

FiG. 5.—Eqgn (9) with the parameters Ko(0), K,(0) and y estimated from the fit of fig. 4 and given
in the text.

be expected that a truncation of the series (3) at a later stage might also lead to a
more realistic description, but this would be to introduce new functions K,(0), .. .,
K,(0) and a multi-parameter model. Here, we have deliberately avoided this by
using the earliest truncation commensurate with basic needs of fitting both experi-
mental peaks.
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